Summary Introduction: Patients with metastatic colorectal cancer who progress on standard chemotherapy have limited treatment options. New and effective drugs are needed for these patients. Romidepsin is a histone deacetylase inhibitor that can alter chromatin structure and gene transcription leading to multiple changes in cellular protein production. This may result in cell cycle arrest and tumor growth inhibition. Romidepsin has shown anti-proliferative activity in vitro against multiple mouse and human tumor cell lines and in vivo in human tumor xenograft models. Patients and methods: Patients were required to have pathologically verified, measurable, metastatic or locally advanced colorectal cancer that was surgically unresectable.
They must have failed either one or two prior chemotherapy regimens, had performance status of 0-1, adequate bone marrow, renal and hepatic function, and no significant cardiac disease. Patients were treated with romidepsin at a dose of 13 mg/m 2 as a 4-h iv infusion on days 1, 8, and 15 of a 28-day cycle. The study had a two stage design. The primary objective of the study was to determine the confirmed response probability in this group of patients treated with romidepsin. Results: Twenty-eight patients were registered to the study, two of whom were ineligible. One eligible patient refused all treatment and was not analyzed. For the 25 remaining patients, performance status was 0 in 16 patients and 1 in nine patients. Ten patients had received one prior
Introduction
The treatment of metastatic colorectal cancer has been improved with the addition of irinotecan or oxaliplatin to 5-FU and leucovorin, plus the biologic agents bevacizumab and cetuximab. Still, it cannot be cured with currently available drugs and biologic agents. New treatments are needed. Once patients have failed standard therapy, their options are limited. Many are still in good condition and are candidates for clinical trials. This multicenter Southwest Oncology Group phase II trial evaluated the effectiveness and toxicity of the agent romidepsin in patients with metastatic colorectal cancer who had progressed on standard therapy.
Romidepsin (FK 228, FR 901228) is a unique bicyclic peptide originally isolated from Chromobacterium violaceum strain 968 [1] . It has a novel chemical structure composed of four amino acids (D-valine, D-cysteine, dehydrobutyrine, and L-valine) and a novel acid (3-hydroxy-7-mercapto-4hepte-noic acid) configured in a cage-shaped bicyclic depsipeptide. Romidepsin was discovered by Fujisawa Pharmaceuticals Co., Ltd., as part of a concerted search for novel compounds from natural products that would reverse the ras-transformed phenotype to normal.
Results of early studies showed that romidepsin inhibited the growth of the Ha-ras-transformed NIH3T3 clonal cell line, Ras-1, and induced reversion of the transformed morphology to normal within 1 day at a concentration of 2.5 ng/mL [2] . mRNA expression of the c-myc oncogene in Ras-l cells was decreased in the presence of romidepsin, but Ha-ras mRNA expression was not affected. Romidepsin blocked cell cycle transition from G0/G1 to S phase. It was proposed that the growth inhibition and G0/G1 arrest resulted from romidepsin blocking the ras-mediated signaling transduction pathway [3] . There is evidence that romidepsin can inhibit signal transduction through MAP kinase and cause p53-independent G1 arrest [4] .
Romidepsin is also a potent inhibitor of the enzyme histone deacetylase. Deregulation of histone acetylation has been implicated in the development of several types of cancer. Genes that encode histone acetyltransferase enzymes are translocated, amplified, overexpressed and/or mutated in various cancers [5, 6] . These findings suggest that deregulated acetylation of histones plays a role in the pathogenesis of hematological as well as solid tumors by changing the chromatin structure and transcription of genes involved in cell cycle control, differentiation or apoptosis. Consequently, there is considerable interest in histone deacetylase inhibition as a potential therapeutic modality in the treatment of hematologic malignancies and solid tumors.
Romidepsin has been identified as a histone deacetylase (HDAC) inhibitor similar to trichostatin A based on its ability to cause arrest of the cell cycle at both G1 and G2/M phases, to induce internucleosomal breakdown of chromatin, and to inhibit intracellular HDAC activity resulting in an accumulation of marked amounts of acetylated histone species within M-8 cells [7] . DNA methylation and histone deacetylase inhibition may act synergistically in the reexpression of genes silenced in cancer [8] . Romidepsin, either alone or in combination with hypomethylating agents, has been shown to induce a number of cellular proteins that may have critical effects on apoptosis, proliferation and susceptibility to immunologic manipulation [9] [10] [11] [12] [13] [14] [15] . The compound may also have antiangiogenic activity that contributes to antitumor efficacy [16] .
Pre-clinical studies Potent antitumor effects of romidepsin have been demonstrated both in vitro and in vivo. In vitro, romidepsin exerted antiproliferative activity against 12 human solid tumor cell lines including lung adenocarcinoma (A549, PC-9), lung squamous cell carcinoma (PC-1, PC-10), small cell lung carcinoma (ADH, LX-1), breast adenocarcinoma (MCF-7, ZR-75-1) stomach adenocarcinoma (MKN28, MKN74) and colon adenocarcinoma (Colo201, SW480), but was less potent against cultured normal cells [1] . Similarly, it induced G1 arrest or apoptotic cell death in a study of 13 lymphoid cell lines with less sensitivity against normal mononuclear cells and bone marrow [17] . In nonsmall cell lung cancer (NSCLC) cells expressing wild-type or mutant p53, romidepsin inhibited growth and induced apoptosis [18] . Romidepsin induced apoptotic-like cell death in human breast cancer cell lines MCF 7 and MDA-MB231 [19] .
In vivo, romidepsin had moderate antitumor efficacy in various model systems, including murine Bl6 melanoma, M5076 sarcoma, Meth A fibrosarcoma, and colon 38 carcinoma plus several human tumor xenograft models, including stomach adenocarcinoma (SC-6), lung (Lu-65, LC-6, A549), and breast (MX-1) [20] . Romidepsin was much more active against the SC-6 stomach adenocarcinoma than either mitomycin C or cisplatin. It was also strongly active against mitomycin and 5-fluorouracil drug resistant P388 murine leukemia but much less active against doxorubicin resistant P388 cells [20] . Results from animal studies indicated that an intermittent administration schedule (q4d×3) of romidepsin resulted in lower toxicity and greater efficacy than a daily schedule (qd×5) [21] . The greater antitumor activity observed with an intermittent schedule may be attributable to the higher individual doses that were administered because of the greater tolerance to romidepsin.
Patients and methods
To be eligible for this trial, patients were required to have a pathologically verified diagnosis of colorectal cancer with metastatic disease or locally advanced disease that was not surgically resectable. Measurable disease as defined by the RECIST criteria was obligatory [22] . Prior surgery or radiation therapy was allowed provided patients were at least 28 days beyond such treatment and had recovered from all side effects. Patients must have received treatment with either one or two prior chemotherapy regimens for advanced colorectal cancer which may have included either oxaliplatin or irinotecan, but they could not have received prior romidepsin nor be receiving any other investigational agent or drugs known to have histone deacetylase inhibitor activity. Prior chemotherapy had to have been completed at least 28 days prior to entry on this trial and patients recovered from all effects of that treatment. Patients were required to have a Zubrod performance status of 0-1. Mandatory parameters demonstrating adequate organ function included WBC ≥3,000/μL, ANC ≥1,500/μL, and platelet count ≥100,000/μL, obtained within 14 days prior to registration; serum creatinine ≤ the institutional upper limit of normal (IULN), total bilirubin ≤ IULN, SGOT or SGPT ≤2.5 times IULN, serum potassium ≥4 mmol/L, and magnesium ≥2 mg/dL, these tests obtained within 28 days prior to registration. Patients could not be taking hydrochlorothiazide (HCTZ) and had to be switched to a potassium conserving combination such as Maxzide or Dyazide or other anti-hypertensive agent. Because preclinical toxicology data indicated romidepsin caused cardiac injury in several animal species particularly dogs, and increased CPK, asymptomatic EKG changes, and supraventricular arrhythmias were seen in early trials, cardiac requirements were strict. Patients could not have significant cardiac disease including congestive heart failure meeting New York Heart Association (NYHA) class III or IV definitions, a history of myocardial infarction within 1 year of study entry, uncontrolled dysrhythmias, poorly controlled angina or left ventricular hypertrophy, a history of a serious ventricular arrhythmia (VT or VF, ≥3 beats in a row), QTc ≥500 ms or left ventricular hypertrophy by baseline EKG within 28 days prior to registration. Patients could not be co-medicated with an agent that caused QTc prolongation. No concurrent treatment for the patient's cancer was allowed and no prior malignancy was allowed except for adequately treated basal cell or squamous cell skin cancer, in situ cervical cancer, or other cancer for which the patient had been disease-free for 5 years. There could be no history of allergic reactions attributed to compounds of similar chemical or biologic composition to romidepsin. HIV-positive patients receiving combination anti-retroviral therapy were excluded from the study as were patients with known brain metastases. No pregnant or nursing women were allowed and use of contraception was required of both men and women. It was requested that patients have a hemoglobin value of ≥10 mg/dL. All patients were required to give written informed consent prior to treatment on the study.
Treatment design
Romidepsin was administered at a dose of 13 mg/m 2 as a 4-h iv infusion on days 1, 8, and 15 of a 28-day cycle. Because romidepsin is moderately emetogenic, patients were given prophylactic antiemetics such as a 5HT3 antagonist and dexamethasone before treatment. Magnesium and potassium levels were required to be checked before the administration of drug and replaced appropriately according to guidelines in the protocol to maintain high upper limits of normal levels. Patients were required to have a potassium level ≥4.0 mmol/L and a magnesium level ≥2.0 mg/dL before drug administration. Because of potential interaction between romidepsin and warfarin, patients receiving that agent were required to be closely monitored. At the time of first drug administration, patients were required to have an ECG with rhythm strip performed three times, within 1 h prior to drug administration, within 1 h after the completion of administration, and within 24-72 h after the completion of administration. If a patient required a dose reduction for cardiac toxicity, an ECG was required to be performed again within 1 h prior to and within 1 h following the completion of the first infusion of the reduced dose and as clinically indicated thereafter.
Patients were removed from protocol treatment for progression of disease, symptomatic deterioration, defined as a global deterioration of health status requiring discon-tinuation of treatment even though there was no objective evidence of progression, unacceptable toxicity, a delay of treatment for more than 4 weeks after the planned date of administration, or the patient could withdraw from the protocol treatment at any time for any reason. Disease assessments were done every 8 weeks (two cycles) using the same method used for baseline tumor assessment.
Dose modifications
Toxicity on this study was graded according to the NCI Common toxicity Criteria Version 3.0. Hematologic, hepatic, renal, and constitutional toxicities were to be evaluated prior to each infusion of romidepsin and the dose modified and/or delayed based upon the results according to protocol guidelines. Once a dose was reduced, it was used for all subsequent romidepsin infusions. Only one dose reduction was allowed. Patients requiring a second dose reduction were removed from protocol treatment. When multiple toxicities occurred, the dose modification was based on the toxicity that required the greatest dose reduction.
For an ANC ≤1,000/μL and/or platelets ≤100,000/μL, treatment was delayed until recovery above those parameters and then dose was reduced to 10 mg/m 2 . Elevated SGOT >3 times ULN and/or bilirubin >1.5 ULN or creatinine >1.5 ULN required treatment delay until recovery and then a dose reduction to 10 mg/m 2 . Grade 4 vomiting or marked elevation in INR or bleeding required the patient to come off of the protocol treatment. For cardiac toxicities, sinus tachycardia >140 bpm after recumbency, any new atrial dysrhythmia, SVT, fibrillation, or flutter, prolongation of QTc of ≥500 ms or an increase of ≥50 ms compared to baseline, T wave inversion of >4 mm, or ST-segment depression of ≥2 mm, required holding further treatment and appropriate treatment by a cardiologist. If the toxicity resolved, romidepsin was restarted at a reduced dose of 10 mg/m 2 . If it did not resolve, the patient was removed from protocol treatment. For ventricular arrhythmia of tachycardia or fibrillation, appropriate treatment by a cardiologist was done and then the patient was removed from protocol treatment.
Definition of response and survival
In this trial, response was defined by the Response Evaluation Criteria in Solid tumors (RECIST) guidelines [22] . To be considered a confirmed complete or partial response, there must have been documented two or more objective statuses meeting these criteria, separated by a minimum of at least 4 weeks. Survival was defined as the time from the date of registration to death due to any cause. The time to treatment failure was defined as the time from the date of registration to the date of the first observation of progressive disease, death due to any cause, symptomatic deterioration, or early discontinuation of treatment.
Statistical design
The primary goal of the study was to evaluate the confirmed response probability (complete and partial) in patients with advanced colorectal cancer treated with romidepsin. It was assumed that this therapy would be of no further interest if the true response probability was 5% or less, and of interest if the true response probability was 20% or more. The study had a two-stage design. If after the first 20 eligible patients at least one confirmed response was observed, an additional 20 patients would be accrued. Five or more responses out of the total 40 patients would be considered evidence that this drug was of interest in advanced colorectal cancer. This design had a power of 0.92 for a true response rate of 20%, and a significance level of 0.05. If 40 patients were accrued, this would be sufficient to estimate the probability of a particular toxicity to within ±16%. Any toxicity occurring with at least a 5% probability would be likely (87%) to be seen at least once. 
Results
There were 28 patients registered to the study with two proving to be ineligible. One ineligible patient did not meet the magnesium level requirements and the other patient had baseline laboratories done more than 14 days prior to registration. One eligible patient refused all treatment due to lack of insurance coverage and is not analyzable for any endpoint. A major deviation is recorded for another patient who did not begin treatment until 19 days after registration. Thus there are 25 analyzable patients. For these patients, 15 (60%) are male and the median age was 58.3 years (range 17.9-84.2 years). Performance status of 0 was present in 16 patients and nine had performance status of 1. Ten patients had received one prior chemotherapy regimen and fifteen 2 prior regimens. Additional patient characteristics including sites of disease are shown in Table 1 . All patients are off treatment. A treatment summary giving reasons patients had stopped treatment is given in Table 2 . Two patients refused further protocol treatment, one wanted to pursue symptom management only, and the other did not want to spend so much time in the clinic. Six patients were removed from treatment due to toxicities: thrombocytopenia and ST-T wave changes on EKG; nausea/vomiting, fatigue, and dehydration; weakness, anorexia and weight loss; persistent nausea; fevers; and, inability to tolerate study drug. Response data are detailed in Fig. 2 Time to treatment failure treatment of patients with metastatic colorectal cancer who had failed one or two prior chemotherapy regimens. The rationale for this treatment is based on the finding that histone acetylation plays a role in chromatin structure and gene transcription which can effect cell division, differentiation, and apoptosis [23] [24] [25] [26] . Romidepsin has shown antiproliferative activity against several human solid tumor cell lines and inhibition of stomach, lung, and breast cancer growth in human tumor xenograft models. Therefore it is disappointing that no activity was seen in this phase II trial in colorectal cancer patients with advanced previously treated disease. This discrepancy between the model systems and patients may occur because of the lack of specificity of which genes are affected by the alterations in histone composition produced by the drug. The effect of histone deacetylase inhibitors on cellular function is complex [23] [24] [25] [26] . Whether an over all balance toward cellular proliferation or apoptosis may occur as a result of new protein production cannot be predicted in advance with our current state of knowledge. There may be both positive and negative effects on oncogenic and oncosuppressive mechanisms. Another factor to consider may be that resistance to romidepsin may develop. Romidepsin is reported to be a substrate for both P-glycoprotein and multidrug resistance-associated protein (MRP 1) [20, 26] , and it can induce multidrug-resistance gene 1 expression in human colon cancer cell lines [21] . All of these patients had failed one or two prior multidrug chemotherapy regimens and could reasonably be expected to have some degree of broad spectrum drug resistance. These types of patients were used for this trial because ethically, it was not considered proper to use a new investigational agent first line when proven effective, although non-curative, treatments existed for disseminated colorectal cancer.
Though single agent romidepsin may lack clinical activity in this tumor type, there has been reported synergism between DNA hypomethylating agents and histone deacetylase inhibition in the re-expression of silenced genes. Similarly, benefit can be shown from combining histone deacetylase inhibition and retinoic acid in resistant cases of acute promyelocytic leukemia [23, 24, 26] . Histone deacetylase inhibitors may be synergistic with heat-shock protein 90 (HSP90) inhibitors, blocking the ability of HSP90 to chaperone proteins required for tumor cell survival [23, 26] . Histone deacetylase inhibitors may also prevent repair of DNA damaged by chemotherapy agents [23, 24, 26] .
Histone deacetylase inhibitors have shown good activity in patients with T-cell cutaneous lymphoma (CTCL) and one agent in this class, vorinostat, has been FDA approved for treatment of this disease [24, 26] .
Future trials of these agents in colorectal cancer and other solid tumors might be attempted with close monitoring of specific gene activation or proteins produced as a result of treatment. Trials of romidepsin in combination with DNA hypomethylating agents or chemotherapy drugs should also be considered with close monitoring of results. Multiple and complex changes occur in cells treated with the histone deacetylase inhibitors, and importantly, normal cells seem to be more resistant to histone deacetylase inhibition than tumor cells [1, 23, 25] . It seems possible that with more definitive study, these interesting and complex agents will find additional roles in cancer treatment.
